Acidophilic, heterotrophic bacteria isolated from acidic mine effluent metabolised a range of aliphatic compounds. Aliphatic acids, which are normally thought to be toxic to acidophiles, were utilised as substrates for energy and growth by these bacteria. This biodegradative ability, concomitant with their tolerance of heavy metals, has demonstrated the potential for using these organisms for the bioremediation of multiply contaminated acidic wastewaters. ß
Introduction
Industrial wastewater e¥uents may be contaminated with heavy metals and recalcitrant organic compounds. The toxicity of these materials may be exacerbated by extreme pH conditions. For example, acidic wastewaters (on the EC List II (Grey List) of dangerous substances) may be discharged from industrial processes as a by-product of the production of synthetic organic acids (e.g. acetic acid) and chrome plating processes (chromic acid). Both industry and sewerage undertakers are subject to strict e¥uent discharge conditions, as governed by environmental legislation. A more environmentally friendly approach to e¥uent treatment would be biological attenuation of such toxic wastewaters prior to discharge.
Acidic drainage waters from metal and coal mining, particularly arising from spoil heaps, are produced as a consequence of microbially-augmented oxidation of sul¢-dic minerals. Such sites provide a rich source of acidophilic microorganisms tolerant of heavy metals [1, 2] ; some of these acidophiles may be able to metabolise more recalcitrant organic compounds as sources of carbon and energy.
In this study the utilisation of aliphatic compounds as a sole source of carbon by heavy metal resistant acidophilic heterotrophic bacteria has been investigated with the aim of harnessing them in a treatment process for acidic contaminated wastewater. Work has concentrated on one particular organism, isolate WJB-3, which was kindly supplied by Dr Kevin Hallberg of Bangor University, Wales.
Materials and methods

Enrichment
Enrichment cultures were set up in glass universal bottles using samples, provided by Dr K. Hallberg, of acid mine drainage waters (0.1 ml in 10.0 ml) in a basal salts medium with trace elements [3] , modi¢ed by increasing the ammonium sulfate concentration to 4.5 g l 31 and adding 0.001% yeast extract, acidi¢ed to pH 3.0 with H 2 SO 4 . Ethanol, hexadecane or hexadecanoic acid was added as sole carbon source (to 5 mM) to individual culture bottles. In order to encourage the growth of hydrocarbon-utilising bacteria present in these enrichments, perhaps as a minority, three of the cultures were used for subsequent enrichments on the following aliphatic compounds (5 mM, or equivalent amount if insoluble in water): acetic acid, prop-anoic acid, octanoic acid, dodecanoic acid, propan-1-ol, propan-2-ol, octan-2-ol, acetone, acetaldehyde, propanaldehyde, octane and dodecane. Cultures were incubated aerobically in an orbital incubator at 25³C and 160 rev min 31 .
Subculture and isolation
For isolation of individual acidophilic heterotrophs, enrichments were plated onto basal salts medium (pH 3) containing 0.02% yeast extract and gelled with 0.7% (w/v) agarose, with the liquid organic compounds given in Table 1 (40:1) supplied on ¢lter paper in the lid of the inverted Petri dish. The plates were incubated at 30³C.
Over 60 pure cultures of acidophilic heterotrophs were isolated from these enrichments. These were sorted by comparing the protein`¢ngerprints' derived by one-dimensional SDS^PAGE of whole cell proteins [4] , eliminating same strains and thus reducing to 23 the number of isolates for further characterisation.
Utilisation of aliphatic compounds
As a screen for isolates with potential in bioremediation, each isolate was assessed for growth on 5 mM of the aliphatic compounds given above, and additionally 1-chlorohexane. Some of the compounds are insoluble; in these cases the amount added was such that, if it were able to dissolve, the concentration would be 5 mM. Cultures were grown in 10 ml basal salts medium at pH 3.0, in 50 ml Pyrex boiling tubes, sealed with serum caps to prevent escape of volatile aliphatics, and incubated at 30³C in an orbital incubator at 160 rev min 31 . Utilisation of aliphatic compounds was evaluated qualitatively by visual examination, and graded from no growth (3) to excellent growth (+++). On the basis of the extensive range of organic compounds which could be degraded by it, further work concentrated on one particularly versatile organism, isolate WJB-3.
Growth kinetics
The kinetics of growth on ethanol and acetic acid was assessed using isolate WJB-3. Starter cultures were grown on either 30 mM ethanol, or 2.5 or 5 mM acetic acid to an OD 440 of about 0.3. Duplicate 250 ml shake £asks, containing 49 ml basal salts medium (pH 3) and ethanol at concentrations of 1 mM to 250 mM, were inoculated with 1 ml starter culture (2% v/v) and incubated in an orbital incubator at 160 rev min 31 and 30³C. Samples (1 ml) were taken at intervals to measure the pH and growth.
E¡ect of pH on growth
Growth experiments were performed as indicated above with basal salts medium at pH 3. To assess the e¡ect of 
Isolates were from: Montserrat water (LM), Parys Pond (Anglesey) water (PP) and Meldon Quarry (Devon) water (MQ) enrichments ; also included are isolates from the Bangor culture collection (LGS-3, WJB-1, WJB-3, Het-4 and MBAct). Aliphatics : ethanol (EtOH), propan-1-ol (P-1-ol), propan-2-ol (P-2-ol), octan-2-ol (O-2-ol), acetone (ACO), acetaldehyde (AAL), propanaldehyde (PAL), acetic acid (AA), propanoic acid (PA), octanoic acid (OA), dodecanoic acid (DDA), hexadecanoic acid (HDA), octane (Oct), dodecane (DD), hexadecane (HD) and 1-chlorohexane (1-CH). Aliphatic utilisation was evaluated visually in a qualitative manner, and graded from no growth (3) to excellent growth (+++).
pH on growth, WJB-3 was grown on either ethanol (5 mM or 100 mM) or acetic acid (2.5 mM) in unbu¡ered medium at a range of initial pH values.
Bioreactor studies
Isolate WJB-3 was grown on basal salts medium at pH 3, with 5 mM ammonium ions as the sole nitrogen source, and acetic acid (in 1 mM increments) as the sole and limited carbon and energy source, in fed-batch culture in a 2 l fermenter maintained at 30³C. Samples (1 ml) were removed at intervals for measurement of OD 440 , and stored at 320³C for later assay of acetic acid and ammonium ion. Changes in dO 2 and pH were also recorded.
Measurement of growth in the presence of added metals
Isolates were grown in large test tubes, as indicated above for utilisation of aliphatic compounds. Substrates chosen were those which produced good growth, i.e. 10 mM ethanol, 5 mM acetic acid or 5 mM equivalent of hexadecane (see Table 1 ). Basal salts medium (10 ml) containing the selected aliphatic carbon source was inoculated with 500 Wl of culture and incubated for 2^3 h. 3 , together with a zero metal control, and returned for incubation until turbid growth was apparent in the control tube.
E¡ect of metals on utilisation of acetic acid
From a starter culture of isolate PP-1, grown on basal salts with 5 mM acetic acid, cultures were set up in three shake £asks (250 ml in a 1 l £ask), as follows : (i) control; (ii) plus 0.5 mM Cu 2 ; and (iii) plus 5.0 mM Cu 2 . At timed intervals samples were taken from each £ask for measurements of (i) acetic acid concentration, using a Metrohm ion chromatograph, and (ii) the OD 440 , to obtain a growth curve.
E¡ect of metals on respiratory activity using tetrazolium salt
Tetrazolium salts are redox dyes which are reduced during respiration to produce a purple precipitate of formazan. The tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (Sigma MTT tetrazolium salt) was used to assay the e¡ect of heavy metals on respiration by the acidophilic heterotrophs WJB-3 and PP-1 during growth on ethanol. A dense cell suspension was required for this assay and cultures were grown in shake £asks to provide su¤cient cell material. Assays were performed in microfuge tubes, directly adding metal sulfate solution (0, 1, 5 or 10 mM for WJB-3 and 0, 1 or 5 mM for PP-1; Fe 3 was also added at 2 mM) and 1.5 mM tetrazolium salt to dense cell suspensions (a 165-fold concentrate of a culture of OD 440 of 1) in a total volume of 50 Wl in basal salts or water.
E¡ect of metals on respiration using an oxygen electrode
Cultures (400 ml) of bacteria WJB-3 and PP-1 were grown in 2 l shake £asks, in basal salts medium with 30 mM ethanol, harvested in the late exponential phase of growth (OD 440 of 1.5 and 1.8, respectively) and pelleted by centrifugation (Beckman, 10K rpm, 4³C, 20 min). Cell pellets were washed twice in basal salts medium, then resuspended in 2 ml basal salts medium.
An oxygen electrode (Rank Brothers Ltd., Cambridge, England) was connected to a circulating water bath, at a constant temperature of 30³C, and to a chart recorder (5 mm min 31 ). Assay volumes of 3 ml, with 100:l cell suspension, were used to measure : (i) the endogenous (resting) rate of respiration (no ethanol); (ii) the rate of respiration with 30 mM ethanol as carbon/energy source; and (iii) the e¡ect of metals on respiration ( 
Results
Utilisation of aliphatic compounds
A screen of the 23 isolates chosen for further study showed that several grew well on a large range of individual aliphatic compounds at 5 mM (Table 1) . Growth was particularly good on ethanol, propan-1-ol, propanaldehyde, acetic acid, propanoic acid, octanoic acid, dodecanoic acid and hexadecanoic acid. Several isolates also grew well on propan-2-ol. Isolates showing growth on the widest range of substrates were LGS-3, WJB-1, WJB-3, LM-1, LM-18, PP-1, MQ-1, MQ-4 and MQ-16.
Growth kinetics
Growth of isolate WJB-3 on ethanol is shown in Fig. 1 . However, whereas it can tolerate ethanol in excess of 250 mM, WJB-3 was unable to grow on acetic acid at concentrations greater than 10 mM (Fig. 2) . Preliminary respiratory studies with an oxygen electrode showed that there was some stimulation of respiration with growth of WJB-3 on 5 mM acetic acid, but 10 mM acetic acid was inhibitory in terms of oxygen uptake (double and half, respectively, of the endogenous rate of oxygen consumption).
For growth on ethanol there was little relationship between the lag phase and the initial ethanol concentration. However, with acetic acid as the growth substrate there was a distinct increase in the lag phase with increase in acetic acid concentration. This supports the view that organic acids are toxic to acidophilic bacteria [5] .
The maximum growth rate (W max ) on ethanol (20 mM) was 0.35 h 31 (generation time of 2 h); the K s was less than 5 mM ethanol. With acetic acid, the growth rate was greatest on 2.5 mM acetic acid (W max = 0.37 h 31 ), decreasing at higher concentrations; the K s was 9 0.3 mM acetic acid.
A decrease in pH of the medium, closely mirroring the growth curve, was observed during growth on both ethanol and acetic acid. This is illustrated in Fig. 3a , for growth on 10 mM ethanol, and Fig. 3b shows the close relationship between ¢nal yield and ¢nal pH: the greater the cell density, the greater the fall in pH. This could be due to ammonia removal from the medium or to formation of an acidic end-product.
Growth of isolate WJB-3 on other aliphatic acids was also studied. On propanoic acid and octanoic acid the bacterium grew well on 1 mM substrate, but poorly on 5 mM substrate, and showed no growth with higher concentrations. In contrast, it grew on up to 25 mM dodecanoic acid, to a ¢nal OD 440 of over 3 after 50 h incubation (¢nal pH 2.2).
E¡ect of pH on growth
Growth of WJB-3 was sensitive to the pH of the medium (Fig. 4) . It did not grow on either 5 mM or 100 mM ethanol at pH 2 or pH 5. The lag phase was shortest at pH 3^3.5 and the growth rate was greatest at pH 3^4. With 5 mM ethanol, W max was 0.22 h 31 , at pH 4 (a generation time of 3.2 h); with 100 mM ethanol, W max was 0.16 h 31 , at pH 3.8 (a generation time of 4.4 h).
When acetic acid (2.5 mM) was added to unbu¡ered medium, the pH could not be maintained above 3.7. For the pH range that could be tested under these conditions, the results generally supported those observed for growth on ethanol, although W max was greater (0.5 h 31 at pH 3.6, generation time of 1.38 h) (Fig. 5) .
Bioreactor studies
Fed-batch culture of WJB-3 was carried out under conditions of carbon (acetic acid) limitation and in the presence of excess nitrogen (initial ammonium ion concentra- tion of 5 mM). Acetic acid was fed to the culture in ¢ve separate 1 mM aliquots, in each case when the OD 440 indicated the stationary phase had been reached. As expected, the acetic acid was rapidly utilised, giving an increase in growth at each point of addition. Assay of ammonium indicated that it remained in excess during the course of the experiment.
E¡ect of heavy metals on growth and respiration
Isolates WJB-3, LGS-3, LM-1, LM-8, PP-1 and MQ-4 exhibited little inhibition of growth by the heavy metals tested (up to 2 mM metal). However, there was some inhibition by Zn 2 of growth of LM-3, and PP-17 did not grow in the presence of Ni 2 or Cd 2 . Ion chromatography indicated that the rate of acetic acid utilisation by isolate PP-1 was slowed by 0.5 mM Cu 2 , and PP-1 was unable to utilise acetic acid in the presence of 5 mM Cu 2 . The e¡ect of metals on cell respiration was investigated for isolates WJB-3 and PP-1. The tetrazolium assay showed that respiration by WJB-3 was not inhibited by 
Discussion
It has been generally accepted that acidophilic bacteria are sensitive to organic acids [5] . In a medium which has a pH below the pK a value, these acids are protonated and therefore likely to be membrane-permeable. The acid can enter and dissociate within the cytoplasm, which normally has a pH of between 5 and 7; the cytoplasm is acidi¢ed and thus the transmembrane pH gradient is reduced [5, 6] . This study has demonstrated that there is a range of acidophilic heterotrophic bacteria which not only tolerate organic acids, but are able to metabolise such compounds as a source of energy and carbon for growth. However, growth is inhibited when the acid (acetic, propanoic or octanoic acid) is present at a concentration of greater than 5 mM, whereas growth occurs on up to at least 250 mM ethanol or some other alcohols. Isolate WJB-3 has been characterised and the 16S rRNA gene sequence analysis has identi¢ed it to be most closely related to mem- bers of the genus Acidocella ( [7] ; K. Hallberg, personal communication). The mechanism by which such acidophiles are able to thrive on organic acids and maintain their transmembrane proton-motive force is worthy of further investigation.
Isolate WJB-3 is more tolerant of the longer chain aliphatic acid, dodecanoic acid. It may be that the transport of this acid into the cell is more di¤cult or a permease system is required. The studies in a bioreactor showed that isolate WJB-3 can utilise and grow on higher concentrations of acetic acid provided it is supplied in sequential small (1 mM) doses, which it consumes before following doses are supplied. This suggests that end-product inhibition of acetic acid consumption does not occur and that the bacterium is able to maintain its energy conserving mechanisms (proton-motive force). This observation is encouraging for the potential utilisation of aliphatic compounds, including short chain acids, in acidic wastewaters by acidophilic heterotrophs.
Isolate WJB-3 and the other acidophilic heterotrophic bacteria studied have demonstrated, in addition, that heavy metals exert little inhibition of their respiration and growth. This is not a surprising characteristic, considering the environment from which they have been enriched, and again suggests that these bacteria may be of utility for bioremediation strategies.
